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Zero- to ultralow-field nuclear magnetic resonance (ZULF NMR) is an alternative spectroscopic method to
high-field NMR, in which samples are studied in the absence of a large magnetic field. Unfortunately, there is a
large barrier to entry for many groups, because operating the optical magnetometers needed for signal detection
requires some expertise in atomic physics and optics. Commercially available magnetometers offer a solution
to this problem. Here we describe a simple ZULF NMR configuration employing commercial magnetometers,
and demonstrate sufficient functionality to measure samples with nuclear spins prepolarized in a permanent
magnet or initialized using parahydrogen. This opens the possibility for other groups to use ZULF NMR, which
provides a means to study complex materials without magnetic susceptibility-induced line broadening, and to
observe samples through conductive materials.
INTRODUCTION
Zero- to ultralow-field nuclear magnetic resonance (ZULF
NMR) is an emerging alternative magnetic resonance modal-
ity where measurements are performed in the absence of an
applied magnetic field [1]. By eliminating the need for a large
magnetic field to encode chemical information in the form of
chemical shifts, ZULF NMR avoids some problems encoun-
tered by conventional NMR, such as broadening from suscep-
tibility gradients in complex materials [2], limited rf penetra-
tion into conductive samples [3, 4], and truncation of nuclear
spin interactions that do not commute with the Zeeman inter-
action [5, 6].
Furthermore, the high absolute field homogeneity and the
existence of decoherence-protected multiple-spin states at
zero magnetic field contribute to long spin coherence times
that enable high-precision measurement of nuclear spin cou-
plings. This has made ZULF NMR a useful tool for funda-
mental physics experiments searching for dark matter [7] and
exotic spin couplings [8]. ZULF NMR is also useful for the
study and development of hyperpolarization methods [9–12],
which dramatically increase the sensitivity of NMR and MRI.
Whereas nuclear quadrupole resonance can be detected at
zero field using tuned LC circuits, signals arising from direct
and indirect dipole-dipole couplings occur at much lower fre-
quencies. Indirect point-by-point sampling of zero-field spin
dynamics via field cycling [13, 14] is one option with some
enduring appeal [15], but it is often too slow for applications.
Direct detection of ZULF NMR signals requires alternative
non-inductive detection modalities, which serves as a barrier
to entry for many researchers. For example, superconduct-
ing quantum interference devices (SQUIDs) have been used to
detect NMR at sub-µT fields [16] and are commercially avail-
able, but the need for cryogenic temperatures and complex
coil design have inhibited their widespread use. Nitrogen-
vacancy centers in diamond [17–20] might one day prove use-
ful for ZULF NMR, but they are not yet competitive with re-
spect to sensitivity.
In recent years, atomic magnetomers [21, 22] have emerged
as the preferred detectors for ZULF NMR spectroscopy of
liquid-state samples, but the design, construction, and oper-
ation of appropriate instrumentation has so far generally re-
quired substantial atomic/optical physics expertise. Recently,
however, standalone optically pumped atomic magnetometers
with magnetic-field sensitivity within an order of magnitude
of that achieved with state-of-the-art instrumentation have be-
come commercially available. One example is the QuSpin
Zero-Field Magnetometer (QZFM) from QuSpin Inc. [23],
which is based on changes in atomic absorption at a zero-field
resonance [24]. These sensors have found applications in fetal
magnetocardiography [25], development of wearable magne-
toencephalography systems [26], trace detection of magnetic
nanoparticles in complex fluids [27], and, when paired with
flux concentrators, sensitive magnetic microscopy [28]. Lee
et al previously used an earlier version of the QuSpin QZFM
magnetometer to measure low-field (∼325 nT) spin preces-
sion of deionized water doped with a stable nitroxide radical
and polarized via Overhauser dynamic nuclear polarization at
58 µT [29]. In contrast with ZULF NMR, such pseudo-high-
field experiments require high-frequency rf irradiation, and at
these fields have not been used to acquire spectra that contain
chemical information.
Here we demonstrate the measurement of ZULF NMR J-
spectroscopy with a second-generation QZFM magnetometer
in the arrangement shown in Fig. 1. We show spectra for a
set of standard samples (13C-formic acid, 2-13C-acetonitrile,
and 13C2,15N-acetonitrile), thermally pre-polarized in a per-
manent magnet before shuttling to zero field for detection.
We compare performance against a state-of-the-art homebuilt
ZULF spectrometer. This arrangement is also compatible with
parahydrogen-induced polarization (PHIP) in which nonequi-
librium nuclear spin polarization is prepared via chemical re-
action with hydrogen gas enriched in the para spin isomer. We
show zero-field heteronuclear J-spectra of dimethyl maleate
and pyridine at natural isotopic abundance using hydrogena-
tive and nonhydrogenative PHIP, respectively.
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FIG. 1. Experimental apparatus, as implemented for measurement of
pre-polarized standard samples. The inset shows a magnified view of
the sample and QZFM sensor. For experiments utilizing parahydro-
gen, the Halbach magnet and guiding field solenoid are removed and
the sample is placed in a custom NMR tube assembly that permits
bubbling of parahydrogen through the solution (see Supplemental
Material). The end caps on each of the cylindrical magnetic shielding
layers are omitted for clarity.
RESULTS
Spectra of pre-polarized standard samples In order to
evaluate the performance of the QZFM sensors as detectors
for ZULF NMR, we performed measurements on a set of stan-
dard samples via the following procedure:
1. Following polarization at 1.8 T for 20 s, the sample is shut-
tled into the magnetically shielded detection region.
2. While shuttling, a guiding magnetic field is applied using a
solenoid wrapped around the shuttling tube, as well as the
x-axis Helmholtz pulsing coil.
3. After the sample arrives next to the sensor, the solenoid
current is turned off adiabatically.
4. The x-axis pulse coil current is then turned off suddenly
(< 10 µs), and a pulse1 is applied along the z axis with area
γCBpτ = pi, where γC is the 13C gyromagnetic ratio, Bp is
the pulse amplitude, and τ is the pulse duration (50 µs for
all experiments in this work).
5. Immediately following the pulse, the magnetic signal pro-
duced by the sample along the x axis is measured via the
QZFM magnetometer (the analog output of the sensor is
read out by a National Instruments NI 9239 analog input
card).
1 As the sudden transfer to zero field is sufficient to induce an oscillating
signal, the final pulse is technically optional, but frequently provides an
enhancement by swapping Iz + S z and Iz − S z spin order.
The spectrum of 13C-formic acid, a heteronuclear two-spin
system (the acidic proton can be neglected due to fast ex-
change) is shown in Fig. 2(a). As has been explained in
Ref. [30], at zero magnetic field there is one observable nu-
clear spin transition, which occurs at the J-coupling frequency
1JCH ≈ 222 Hz. The signal-to-noise ratio (SNR) after 32 av-
erages is ∼ 500. For a state-of-the-art instrument such as was
used in Refs. [7, 31], the single-scan SNR for the same sample
may be as high as 750.
Figure 2(b) shows the zero-field nuclear spins resonances
of 2-13C-acetonitrile, a heteronuclear four-spin system com-
posed of one 13C and three equivalent 1H nuclei, with a
one-bond coupling 1JCH ≈ 141 Hz (the 14N nucleus can be
neglected due to self-decoupling via fast quadrupolar relax-
ation). As explained in Refs. [32, 33], the zero-field spectrum
consists of two peaks at 1JCH and 2 × 1JCH. The SNR of the
peak at 1JCH after 32 averages is ∼ 350.
The spectrum of 13C2,15N-acetonitrile is shown in Fig. 2(c).
This strongly coupled six-spin system yields a larger number
of peaks, spread over the 0–300 Hz spectral range. A sim-
ulated spectrum is shown below the experimental spectrum
in order to clarify which peaks correspond to NMR signals
and which correspond to environmental/electronic noise. The
SNR of the peak at 155.3 Hz after 32 averages is ∼ 80.
For all spectra in Fig. 2, the linewidths are limited by the
Fourier resolution: 0.1 Hz for 10 s acquitions. There is no
evidence that nuclear spin coherence times are affected by the
magnetometer.
Operation in non-zero magnetic fields Application of
a small magnetic field increases the amount of information
that can be extracted from ZULF NMR spectra [30]. How-
ever, sensitive magnetometers such as those operating in the
spin-exchange relaxation-free (SERF) regime are optimized
for operation at zero magnetic field, and performance typi-
cally degrades in the presence of larger magnetic fields [34].
To evaluate the sensitivity of the QZFM sensor as a function
of applied magnetic field, a series of 13C-formic acid spectra
were acquired in the presence of an ultra-low magnetic field
of varied intensity. The results are shown in Fig. 3. The field
was applied in the y direction, orthogonal to the sensitive axes
of the magnetometer. This induces an additional peak split-
ting, as the magnetic field lifts the degeneracy between the
heteronuclear spin-triplet energy levels.
The maximum measured signal amplitude in Fig. 3 is
∼ 840 fT, obtained with an applied field of -44 nT. The de-
crease in sensitivity as a function of applied field is consis-
tent with a Lorentzian profile having a ∼100 nT linewidth (full
width at half height), presumably related to the width of the
atomic zero-field resonance. This is also consistent with QuS-
pin Inc.’s suggestion to operate their sensors in ambient mag-
netic fields smaller than 50 nT.
Samples polarized via parahydrogen Parahydrogen-
induced polarization can produce dramatically enhanced
NMR signals, and ZULF NMR can be used to study the rele-
vant/necessary spin dynamics. In Fig. 4, a ZULF NMR spec-
trum of a PHIP reaction mixture is shown (chemical reaction
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FIG. 2. Spectra of ZULF NMR standards: (a) 13C-formic acid, (b) 2-13C-acetonitrile, and (c) 13C2,15N-acetonitrile. Part (c) includes a simulated
spectrum in order to clarify which peaks are due to NMR signals. Each spectrum is the result of 32 averages. Insets show selected resonances
on a logarithmic scale with the same units. The noise floor is consistent with the specified magnetometer sensitivity, . 15 fT/
√
Hz. Noise at
100n± 27 Hz (n = 0, 1, 2, ...) is suspected to arise due to higher overtones of the 50 Hz line noise interfering with a 923 Hz internal modulation
of the QZFM sensors.
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FIG. 3. Spectra of 13C-formic acid vs. applied magnetic field. Inset
shows nuclear spin energy levels and transitions. The phase of each
spectrum is adjusted such that the |S 0〉 ↔ |T+〉 transition is propor-
tional to an absorptive Lorentzian.
is shown in the inset). The 2% natural abundance of 2-13C-
dimethyl maleate produces characteristic antiphase peaks cen-
tered around 167 Hz, which corresponds to the 1JCH coupling
constant [9], as well as peaks at low frequency. The 2% natu-
ral abundance of 1-13C-dimethyl maleate produces a spectrum
with all peaks below 25 Hz, because this isotopomer contains
no 1-bond JCH couplings.
It is also possible to use parahydrogen to hyperpolarize
molecules without the need for chemical addition of hydro-
gen, via SABRE [35]. Figure 5 shows a ZULF NMR spec-
trum of 15N-pyridine (15N present in natural isotopic abun-
dance) spin polarized via SABRE at zero field. The reversible
exchange of parahydrogen and pyridine with the iridium com-
plex is shown in the inset.
DISCUSSION
Commercial optically pumped magnetometers such as the
QZFM offer a route to the detection of ZULF NMR for re-
searchers who are not experts in atomic physics, as they are
class-1 laser devices operating near physiological tempera-
tures with a small footprint (∼5 cm3). The SNR achieved us-
ing the QZFM is within an order of magnitude of state-of-the-
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FIG. 4. Spectrum of dimethyl maleate at natural 13C abundance, po-
larized by addition of parahydrogen to dimethylacetylene dicarboxy-
late via the reaction shown at the top of the figure.
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FIG. 5. Spectrum of 15N-pyridine at natural isotopic abundance po-
larized via signal amplification by reversible exchange (SABRE).
The SABRE reaction scheme, involving reversible exchange of both
parahydrogen and pyridine with the iridium polarization transfer
complex, is shown inset. The signal at 27 Hz arises due to electronic
noise from the QZFM.
art instruments. This room-temperature operation is particu-
larly useful for the detection of samples polarized via chem-
ical reaction with parahydrogen, because the chemical kinet-
ics are highly temperature dependent. Unlike previous zero-
field measurements of SABRE, no sample cooling is required.
This is particularly useful for studying volatile or unstable
compounds, or compounds dissolved in low-boiling-point sol-
vents.
The QZFM sensors do, however, have a number of draw-
backs. These second-generation QZFM sensors suffer from
laser overheating when used in confined geometries, espe-
cially when multiple sensors are employed. We have found
that this issue can be mitigated by flowing air over the sensor,
but this could become problematic for experiments at elevated
temperature. The sensors also have a limited bandwidth due to
a low-pass filter at 500 Hz, which precludes measurement of
molecules with larger J-couplings, such as those with a direct
P-H or P-F bond.
Many substantial noise peaks appear in spectra collected
with these sensors. Those occurring at multiples of 50 Hz (Eu-
ropean power line frequency) are due to electronic noise in the
coils. Noise at frequencies of 27, 73, 127, 173, ... Hz may
be due to interference between higher overtones of the line
frequency and the 923 Hz modulation frequency used in the
QZFM sensors. Common-mode noise can be removed by us-
ing two or more sensors in a gradiometric configuration [36].
Sensitivity is attenuated at magnetic fields higher than
∼ 50 nT. While it is possible to re-optimize a homebuilt mag-
netometer to operate at different magnetic fields, the only rem-
edy available for these commercial sensors is the use of built-
in field-cancellation coils, but these have the downside of also
applying an inhomogeneous magnetic field to the NMR sam-
ple.
The response of the magnetometers to sudden field changes
remains problematic, especially when the field is on for longer
than 1 ms. When the field is on for longer times before being
switched off, the feedback system used to stabilize the tem-
perature of the vapor cell is affected, resulting in long-term
low-frequency fluctuations in the sensor output. These fluc-
tuations can prove problematic for data processing, especially
for samples exhibiting low-frequency resonances. For short
pulses, such as the 50 µs pulses used here, the QZFM response
is not significantly longer than that of a state-of-the-art home-
built instrument.
While we have used a sensor sold by QuSpin Inc. for
these measurements, there are a number of commercial ven-
dors (e.g. Twinleaf LLC) that supply atomic magnetometers
potentially suitable for ZULF NMR applications.
Outlook ZULF NMR allows for the study of systems in-
accessible by regular high-field NMR. Applications include
in situ optimization of nuclear spin hyperpolarization meth-
ods such as SABRE-SHEATH [9–11] and field-dependent
spin polarization transfer experiments [12], as well as general
studies of nuclear spin dynamics in ultralow magnetic fields
[37]. Further applications include measurement of samples
confined in porous [2] or magnetic materials [38]. The avail-
5ability of commercial magnetometers appropriate for ZULF
NMR detection dramatically reduces the main barrier to entry
into the growing field of ZULF NMR spectroscopy.
Standalone commercial magnetometers also afford addi-
tional flexibility in the construction of ZULF NMR experi-
ments. Previous homebuilt ZULF NMR detectors have gener-
ally needed to measure samples from below, but sensors like
the QZFM can just as easily be placed to the side of the sam-
ple. The sensors can, for example, be placed outside of a
piercing solenoid, allowing for magnetic fields to applied to
the nuclear spins without affecting the sensors [39]. Such an
arrangement may prove advantageous for experiments search-
ing for a nuclear gravitational dipole moment [8, 40], and may
possibly enable operation of a self-oscillating nuclear spin
magnetometer [41, 42]. Larger sensor arrays are also read-
ily constructed, providing common-mode noise rejection [36],
and spatial resolution [26].
METHODS
Experimental The ZULF NMR apparatus (as shown in Fig. 1 and in fur-
ther detail in the Supplemental Material) is based on a commercial optically
pumped magnetometer (QZFM, QuSpin, Inc.) placed in a 3D-printed holder.
The printed holder also serves as a former for the three orthogonal Helmholtz
“pulse” coils. The magnetometer and pulse coil assembly is centered within
a four-layer mu-metal magnetic shield (MS-2, Twinleaf LLC). The magne-
tometer is oriented such that the two sensitive axes are along the x and z axes
shown in Fig. 1. The distance between the center of the sample and the center
of the magnetometer cell is 9.5 mm.
The analog outputs of the magnetometer were read out by a National In-
struments NI 9239 analog input card at 5000 samples/s. Typically, only the
projection of the magnetic field along the x axis was recorded, but there are
certainly applications where measurement of the correlated signals along x
and z is advantageous (e.g., for precessing magnetization).
Background magnetic fields were controlled via a set of coils built in to
the magnetic shield; the currents in the Bx, By, and Bz coils were provided by
Krohn-Hite Model 523 DC current sources (alternative stable current sources,
such as those provided by Twinleaf LLC or Magnicon GmbH, are also suit-
able). Fields were set to zero by minimizing the Zeeman splitting in the spec-
trum of 13C-formic acid (see Fig. 3).
A Kea2 NMR console (Magritek Ltd.) with Gradient Driver Module was
used for control of experimental timing (using TTL outputs) and magnetic
field pulse generation (using the analog output of the gradient module). In
principle, experimental control can be achieved using any system with digital
timing and analog output capabilities (see, for example, Refs. [2, 43]).
Standard Samples 13C-formic acid, 2-13C-acetonitrile, and 13C2,15N-
acetonitrile were obtained from Isotec Stable Isotopes (Sigma-Aldrich) and
degassed via several freeze-pump-thaw cycles to remove any dissolved oxy-
gen before being flame-sealed under vacuum (< 10−6 bar above the frozen
sample).
Parahydrogen To generate para-enriched hydrogen gas, regular hydro-
gen gas (purity > 99.99%) was passed over a hydrated iron(III) oxide catalyst
(30-50 mesh, Sigma-Aldrich, Taufkirchen) at 25 K.
For hydrogenative PHIP experiments, the initial solution was 5 mM
1,4-bis(diphenylphosphino)butane(1,5-cyclooctadiene)rhodium tetrafluorob-
orate and 150 mM dimethyl acetylenedicarboxylate in 500 µL acetone. For
nonhydrogenative PHIP experiments, the initial solution was 25 mM 1,3-
bis(2,4,6-trimethylphenyl)imidazole-2-ylidene(1,5-cyclooctadiene)iridium
chloride and 2 M pyridine in 300 µL methanol. Parahydrogen was bubbled
through this solution at a pressure of 5 bar until it became transparent (a few
minutes), indicating the catalyst was fully activated.
To acquire hyperpolarized spectra, parahydrogen was bubbled into each
solution for 8 s at 5 bar, followed by a magnetic field pulse and signal acquisi-
tion. The pulse was a 117 µT field applied along the detection axis for 50 µs,
which corresponds to a pi/2 rotation of the proton spins.
Signal Processing All signal processing was performed using Wolfram
Mathematica [44]. To account for the magnetometer response to the mag-
netic field pulse, the first 50-60 ms of data was dropped and reconstructed via
backward prediction. Long-term background drifts in the signal were then re-
moved by subtracting a moving average from the data. Optional exponential
apodization was performed by multiplying the signal with a decaying expo-
nential, and digital resolution was increased by zero filling to a total length
four times that of the original data. Linear phase correction was applied to
the complex Fourier-transformed data using parameters that provided a fully
in-phase spectrum of 13C2,15N-acetonitrile.
∗ blanchard@uni-mainz.de
[1] J. W. Blanchard and D. Budker, eMagRes 5, 1395 (2016).
[2] M. C. Tayler, J. Ward-Williams, and L. F. Gladden, J. Magn.
Reson. 297, 1 (2018).
[3] M. Mo¨ßle, S.-I. Han, W. R. Myers, S.-K. Lee, N. Kelso, M. Ha-
tridge, A. Pines, and J. Clarke, J. Magn. Reson. 179, 146
(2006).
[4] M. C. D. Tayler, J. Ward-Williams, and L. F. Gladden, Appl.
Phys. Lett. 115, 072409 (2019).
[5] J. W. Blanchard, T. F. Sjolander, J. P. King, M. P. Ledbetter,
E. H. Levine, V. S. Bajaj, D. Budker, and A. Pines, Phys. Rev.
B 92, 220202 (2015).
[6] J. P. King, T. F. Sjolander, and J. W. Blanchard, J. Phys. Chem.
Lett. 8, 710 (2017).
[7] T. Wu, J. W. Blanchard, G. P. Centers, N. L. Figueroa, A. Gar-
con, P. W. Graham, D. F. J. Kimball, S. Rajendran, Y. V. Stad-
nik, A. O. Sushkov, et al., Phys. Rev. Lett. 122, 191302 (2019).
[8] T. Wu, J. W. Blanchard, D. F. Jackson Kimball, M. Jiang, and
D. Budker, Phys. Rev. Lett. 121, 023202 (2018).
[9] T. Theis, P. Ganssle, G. Kervern, S. Knappe, J. Kitching,
M. Ledbetter, D. Budker, and A. Pines, Nat. Phys. 7, 571
(2011).
[10] T. Theis, M. P. Ledbetter, G. Kervern, J. W. Blanchard, P. J.
Ganssle, M. C. Butler, H. D. Shin, D. Budker, and A. Pines, J.
Am. Chem. Soc. 134, 3987 (2012).
[11] T. Theis, M. L. Truong, A. M. Coffey, R. V. Shchepin, K. W.
Waddell, F. Shi, B. M. Goodson, W. S. Warren, and E. Y.
Chekmenev, J. Am. Chem. Soc. 137, 1404 (2015).
[12] J. Eills, J. W. Blanchard, T. Wu, C. Bengs, J. Hollenbach,
D. Budker, and M. H. Levitt, J. Chem. Phys. 150, 174202
(2019).
[13] D. P. Weitekamp, A. Bielecki, D. Zax, K. Zilm, and A. Pines,
Phys. Rev. Lett. 50, 1807 (1983).
[14] D. B. Zax, A. Bielecki, K. W. Zilm, A. Pines, and D. P. Weit-
ekamp, J. Chem. Phys. 83, 4877 (1985).
[15] I. V. Zhukov, A. S. Kiryutin, A. V. Yurkovskaya, Y. A. Grishin,
H.-M. Vieth, and K. L. Ivanov, Phys. Chem. Chem. Phys. 20,
12396 (2018).
[16] R. McDermott, A. H. Trabesinger, M. Mu¨ck, E. L. Hahn,
A. Pines, and J. Clarke, Science 295, 2247 (2002).
[17] S. J. DeVience, L. M. Pham, I. Lovchinsky, A. O. Sushkov,
N. Bar-Gill, C. Belthangady, F. Casola, M. Corbett, H. Zhang,
M. Lukin, et al., Nat. Nanotechnol. 10, 129 (2015).
[18] S. Schmitt, T. Gefen, F. Stu¨rner, T. Unden, G. Wolff, C. Mu¨ller,
J. Scheuer, B. Naydenov, M. Markham, S. Pezzagna, et al., Sci-
ence 356, 832 (2017).
[19] P. Kehayias, A. Jarmola, N. Mosavian, I. Fescenko, F. M. Ben-
ito, A. Laraoui, J. Smits, L. Bougas, D. Budker, A. Neumann,
et al., Nat. Commun. 8, 188 (2017).
6[20] J. Smits, J. T. Damron, P. Kehayias, A. F. McDowell, N. Mosa-
vian, I. Fescenko, N. Ristoff, A. Laraoui, A. Jarmola, and V. M.
Acosta, Sci. Adv. 5 (2019).
[21] D. Budker and M. Romalis, Nat. Phys. 3 (2007).
[22] J. C. Allred, R. N. Lyman, T. W. Kornack, and M. V. Romalis,
Phys. Rev. Lett. 89, 130801 (2002).
[23] J. Osborne, J. Orton, O. Alem, and V. Shah, in Steep Dispersion
Engineering and Opto-Atomic Precision Metrology XI (Interna-
tional Society for Optics and Photonics, 2018), vol. 10548, p.
105481G.
[24] J. Dupont-Roc, S. Haroche, and C. Cohen-Tannoudji, Phys.
Lett. A 28, 638 (1969), ISSN 0375-9601.
[25] M. Batie, S. Bitant, J. F. Strasburger, V. Shah, O. Alem, and
R. T. Wakai, JACC Clin Electrophysiol. 4, 284 (2018).
[26] E. Boto, N. Holmes, J. Leggett, G. Roberts, V. Shah, S. S.
Meyer, L. D. Mun˜oz, K. J. Mullinger, T. M. Tierney, S. Best-
mann, et al., Nature 555, 657 (2018).
[27] L. Bougas, L. D. Langenegger, C. A. Mora, M. Zeltner, W. J.
Stark, A. Wickenbrock, J. W. Blanchard, and D. Budker, Sci.
Rep. 8, 3491 (2018).
[28] Y. J. Kim and I. Savukov, Sci. Rep. 6, 24773 (2016).
[29] H. J. Lee, S.-J. Lee, J. H. Shim, H. S. Moon, and K. Kim, J.
Magn. Reson. 300, 149 (2019).
[30] M. P. Ledbetter, T. Theis, J. W. Blanchard, H. Ring, P. Ganssle,
S. Appelt, B. Blu¨mich, A. Pines, and D. Budker, Phys. Rev.
Lett. 107, 107601 (2011).
[31] M. Jiang, T. Wu, J. W. Blanchard, G. Feng, X. Peng, and
D. Budker, Sci. Adv. 4 (2018).
[32] M. C. Butler, M. P. Ledbetter, T. Theis, J. W. Blanchard,
D. Budker, and A. Pines, J. Chem. Phys. 138, 184202 (2013).
[33] T. Theis, J. W. Blanchard, M. C. Butler, M. P. Ledbetter,
D. Budker, and A. Pines, Chem. Phys. Lett. 580, 160 (2013).
[34] M. Ledbetter, I. Savukov, V. Acosta, D. Budker, and M. V. Ro-
malis, Phys. Rev. A 77, 033408 (2008).
[35] R. W. Adams, J. A. Aguilar, K. D. Atkinson, M. J. Cowley,
P. I. P. Elliott, S. B. Duckett, G. G. R. Green, I. G. Khazal,
J. Lo´pez-Serrano, and D. C. Williamson, Science 323, 1708
(2009).
[36] M. Jiang, R. P. Frutos, T. Wu, J. W. Blanchard, X. Peng, and
D. Budker, Phys. Rev. Applied 11, 024005 (2019).
[37] M. C. Tayler and L. F. Gladden, J. Magn. Reson. 298, 101
(2019).
[38] M. C. D. Tayler, J. Ward-Williams, and L. F. Gladden, Appl.
Phys. Lett. 115, 072409 (2019).
[39] S. Xu, V. V. Yashchuk, M. H. Donaldson, S. M. Rochester,
D. Budker, and A. Pines, Proc. Natl. Acad. Sci. USA 103,
12668 (2006).
[40] D. F. Jackson Kimball, J. Dudley, Y. Li, D. Patel, and J. Valdez,
Phys. Rev. D 96, 075004 (2017).
[41] M. Suefke, S. Lehmkuhl, A. Liebisch, B. Blu¨mich, and S. Ap-
pelt, Nat. Phys. 13, 568 (2017).
[42] M. Jiang, H. Li, Z. Zhu, X. Peng, and D. Budker,
arXiv:1901.00970 (2019).
[43] M. C. D. Tayler, T. Theis, T. F. Sjolander, J. W. Blanchard,
A. Kentner, S. Pustelny, A. Pines, and D. Budker, Rev. Sci. In-
strum. 88, 091101 (2017).
[44] S. Wolfram, Mathematica: a system for doing mathematics by
computer (Addison-Wesley, 1991).
The authors would like to thank Dr. Arne Wickenbrock (Uni-Mainz) and
Dr. Vishal Shaw (QuSpin Inc.) for support and useful discussions. J.E. has
received funding from the European Union’s Horizon 2020 research and inno-
vation programme under the Marie Skłodowska-Curie Grant Agreement No.
766402. Y.H acknowledges funding from the Deutsche Forschungsgemein-
schaft (DFG) through the DIP program FO 703/2-1. DB was supported in part
by the U.S. National Science Foundation (CHE-1709944), by the European
Research Council (ERC) under the European Union Horizon 2020 research
and innovation program (grant agreement No 695405), by the German Fed-
eral Ministry of Education and Research (BMBF) within the Quantumtech-
nologien program (FKZ 13N14439 and FKZ 13N15064), by the DFG via
the Reinhart Koselleck project, and by the Cluster of Excellence Precision
Physics, Fundamental Interactions, and Structure of Matter (PRISMA+ EXC
2118/1) funded by the DFG within the German Excellence Strategy (Project
ID 39083149).
